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The testis brain RNA-binding protein (TB-RBP) functions as an RNA-binding protein in brain and testis, binding to
conserved sequence elements present in specific mRNAs, such as protamine 1 and 2. We show here by RNA gel shift assays,
immunoprecipitation, and by a novel in situ hybridization immunohistochemical technique that TB-RBP binds to AKAP4
mRNA in male mouse germ cells. AKAP4 is a component of the fibrous sheath and functions as a scaffolding protein in the
sperm flagellum. AKAP4 is encoded by an X-linked gene, is expressed solely in postmeiotic (haploid) male germ cells, and
is an essential protein in all spermatozoa, requiring its transport between spermatids as a protein or mRNA. AKAP4 mRNA
forms a complex with TB-RBP and the Ter ATPase in nuclei and remains associated with these proteins as it exits nuclei
into the cytoplasm and as it passes through intercellular bridges between spermatids. A similar mRNA-TB-RBP-Ter ATPase
association is seen for protamine 2 mRNA, which is stored in the cytoplasm of postmeiotic germ cells about 7 days before
translation. In contrast, no association is seen with PGK-2 mRNA which is initially transcribed early in meiosis with
increased transcription in postmeiotic male germ cells. Although PGK-2 mRNA is subject to translational control, it lacks
TB-RBP-binding sequences in its mRNA. The AKAP4 or protamine 2 mRNA–protein complexes dissociate in late-stage
male germ cells when the mRNAs are translated. We propose that TB-RBP and the Ter ATPase are part of a complex that
accompanies specific mRNAs in haploid mouse male germ cells in intracellular and intercellular movement. The temporal
relationship of TB-RBP binding and mRNA inactivation in conjunction with the subsequent dissociation of the
mRNA–protein complex at the time of mRNA translation suggests a role in translational suppression and/or mRNA
stabilization. © 2002 Elsevier Science (USA)
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During spermatogenesis, posttranscriptional regulation
plays a prominent role in the regulation of gene expression
in the developing germ cells (Hecht, 1998; Braun, 1998,
2000a and b; Venables and Eperon, 1999). A number of
RNA-binding proteins believed to mediate this gene expres-
sion have been identified, including the testis brain RNA-
1 To whom correspondence should be addressed. Fax: (215) 573-
5408. E-mail: nhecht@mail.med.upenn.edu.
480binding protein (TB-RBP). [The official nomenclature for
the mouse TB-RBP gene is Tsn.] TB-RBP is the mouse
orthologue of the human protein, Translin, a recombination
“hot spot” DNA-binding protein associated with chromo-
somal translocation breaks (Aoki et al., 1995, 1999; Kasai et
al., 1997). In the testis and brain, TB-RBP also functions as
an RNA-binding protein binding to a broad range of con-
served sequence elements often present in the 3 untrans-
lated regions (UTRs) of mRNAs (Kwon and Hecht, 1991,
1993; Wu et al., 1997; Kobayashi et al., 1998; Finkenstadt et
al., 2000). Many of these mRNAs, encoding proteins such as
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protamines, are translationally regulated, suggesting that
TB-RBP functions as part of a complex serving to suppress
translation of stored transcripts (Kwon and Hecht, 1993).
TB-RBP also serves as a linker protein to bind specific
mRNAs to microtubules (Han et al., 1995a,b; Morales et al.,
1998; Wu et al., 2000). Immunoprecipitation and yeast
two-hybrid screens have demonstrated that TB-RBP inter-
acts specifically with a cytoskeletal  actin, a novel related
protein named Translin-associated factor X (Trax), and the
transitional endoplasmic reticulum ATPase (Ter ATPase)
(Wu et al., 1999a). The Ter ATPase is a widely expressed
ATPase that functions as a hexameric protein complex
involved in the ATP-dependent formation and movement
of vesicles (Peters et al., 1990; Zhang et al., 1994; Egerton
and Samelson, 1994).
Subcellular fractionation and immunoelectron micros-
copy of the testis have revealed aggregates of TB-RBP
moving from nuclei to the cytoplasm and through intercel-
lular bridges, suggesting that TB-RBP could play a role in
the translocation of mRNAs between genetically distinct
haploid spermatids (Morales et al., 1998). Among the mR-
NAs likely to require intercellular transport are specific
mRNAs encoded by genes on the X or Y chromosomes that
are expressed during gametogenesis. To require transport
between the haploid male germ cells, the mRNAs must be
encoded by a sex chromosome, be solely expressed in
postmeiotic cells, and be essential for the development of
all spermatozoa. Notable among such proteins is the X
chromosome-linked protein kinase A anchoring protein,
AKAP4, which is synthesized toward the end of spermato-
genesis (Carrera et al., 1994; Fulcher et al., 1995; Moss et
al., 1997; El-Alfy et al., 1999). Although AKAP4 is ex-
pressed only in the haploid spermatids containing an X
chromosome (Moss et al., 1997), it is a component of the
fibrous sheath and acts as a scaffolding protein for regula-
tory proteins in the flagella of all spermatozoa (El-Alfy et
al., 1999). Thus, AKAP4 must be transported either as a
protein or as an mRNA from the X chromosome-bearing to
Y chromosome-bearing spermatids through intercellular
bridges (Dym and Fawcett, 1971). Here, we present several
lines of biochemical evidence that TB-RBP specifically
binds to conserved Y and H sequence elements in AKAP4
mRNA. Using the combined techniques of EM immuno-
gold labeling and in situ hybridization, we demonstrate that
TB-RBP, the Ter ATPase, and AKAP4 mRNA colocalize in
the nuclei and cytoplasm of haploid male germ cells before
translation of AKAP4 mRNA, indicating that TB-RBP ac-
companies specific mRNAs as they are transported intra-
cellularly. Moreover, this protein–mRNA complex enters
intercellular bridges. In late-stage male germ cells at the
time AKAP4 protein is synthesized, the TB-RBP and Ter
ATPase complex is no longer associated with the AKAP4
mRNA. A similar pattern of mRNA and protein association
in nuclei and cytoplasm is seen for the translationally
delayed protamine 2 mRNA, but not for phosphoglycerate
kinase 2 mRNA, an mRNA initially expressed in meiosis
which lacks binding sites for TB-RBP.
MATERIALS AND METHODS
RNA Gel Shift Assays for TB-RBP Binding
RNA gel shifts were performed with testicular extracts as
described in Wu et al. (1997). Three RNA probes were used:
transcript c, a probe containing the Y and H elements of mouse
protamine 2 (Kwon and Hecht, 1991), and an 81-nucleotide probe
containing the H element of AKAP4 with the sequence AGAUC-
AAGCAAAGCAGCUCCCAUGGCCAAGAGACCUGAAGAGC-
AAUGCCAAGACAAUGCAGAACUAGACUUCAUCAGUGGG
(the H element is underlined), and a 76-nucleotide probe containing
the Y element of AKAP4 with the sequence CCUAUGCAACCU-
UAAAAGCUGGAACUAAUGAUCCGAAAUGCAAGAAUCAG-
AGCCUUGAGUUCUCAGCUAUGAAAGC (the Y element is un-
derlined). Some gel shifts were performed with testicular extracts
following TB-RBP immunoprecipitation (Wu and Hecht, 2000).
Isolation of TB-RBP-AKAP4 mRNA Complexes
by Immunoprecipitation
Immunoprecipitation of TB-RBP and its bound mRNAs was
performed by using testis extracts as previously described (Wu and
Hecht, 2000). In brief, extracts (10 mg) were incubated with protein
A agarose beads (60 l), preimmune serum (60 l), and TBS-NP
(Tris-buffered saline containing 0.1% Nonidet P-40; 300 l for 30
min at 4°C. After centrifugation at 2000 rpm for 2 min, 400 U of
RNasin, 500 l of TBS-NP, 40 l of protein A agarose, and 36 l of
-TBTB-RBP (a TB-RBP precipitating antibody) or KNDS (a TB-
RBP nonprecipitating antibody) were added to the supernatant.
After incubation overnight at 4°C, the mixtures were centrifuged at
2000 rpm for 2 min, and the pellets were washed four times with 1
ml TBS-NP. The pellets were then suspended in 200 l of 4 M urea
in Tris–EDTA, and RNA was purified.
RT-PCR Assays
RT-PCR assays were performed with the following primers:
protamine 2, 5-atg gtt cgc tac cga atg agg agc c-3 and 5-tta gtg atg
gtg cct cct aca ttt cc-3; protamine 1, 5-atg gcc aga tac cga tgc tgc
cgc-3 and 5-gga ctt gct att ctg tgc atc-3; AKAP4, 5-cac tag ctg agc
tag aag agc-3 and 5-gtt gcc cac ggc ttc atc cag-3, 5-atg gcc cca gat
gtg gcc gtg-3 and 5-ctt tgg caa act tca tga cc-3; TB-RBP, 5-gat gga
att ctg tga gcg aga tct tcg tg-3 and 5-ctg cgg atc cta ttt ttc acc aca
agc cgc-3; clusterin, 5-tat ggg cct ccg agc ttc cac-3 and 5-acc tct
gag tca gag gaa tgg-3; and PGK2, 5-ttg gac tgt ggc cct gag agc-3 and
5-tta cat gtt gct gag ggc ctc-3. These primers yielded the following
products: protamine 2, nt 100–419; protamine 1, nt 79–254;
TB-RBP, nt 70–755; AKAP4, nt 2279–2561; clusterin, nt 791-1281;
and PGK2, nt 961-1275. All primers, except for PGK2, which lacks
introns, were designed to cross introns. PCR products were re-
solved in 1.8% agarose gels and stained with ethidium bromide.
Polysome Gradient Fractionation and Analyses
Postmitochondrial extracts from the testes of two sexually
mature mice were prepared as previously described (Chennathuku-
zhi et al., 2001c). After extracts were layered over 15–40% sucrose
gradients, the gradients were centrifuged for 3 h at 32,000 rpm in a
Beckman SW40 rotor and fractionated. Aliquots of purified RNA
and protein were assayed from each fraction for protamine 2
mRNA and for TB-RBP protein, respectively.
481Movement of TB-RBP–mRNA Complexes
© 2002 Elsevier Science (USA). All rights reserved.
In Situ Hybridization of Testicular Sections
CD-1 mice (n  3 per group) were anesthetized with sodium
pentobarbital, and the testes were perfused through the left ven-
tricle with 4% paraformaldehyde, 0.1% glutaraldehyde, and 3%
dextran sulfate in 0.05 M phosphate buffer (pH 7.4) for 15 min.
Following perfusion, the testes were immersed in the same fixative
for 5 h at 4°C, cut into blocks of approximately 8 mm3, embedded
in 2.5% melted agarose (at 60°C), and cut into 60-m-thick frontal
sections with a Vibrotome. Groups of 10 sections were collected in
autoclaved vials and washed three times in RNase-free 0.05 M
phosphate buffer (pH 7.4) at room temperature. Glycine (1 M) was
added to the buffer to neutralize aldehyde groups.
Prehybridization and hybridization procedures were performed
as described previously (Morales et al., 1991). Briefly, the testicular
sections were transferred from phosphate buffer to the prehybrid-
ization buffer containing 4 SSC (1 SSC: 0.15 M NaCl and 0.015
M sodium citrate) and 1 Denhardt’s solution for 1 h at room
temperature with gentle agitation. The sections were then im-
mersed in hybridization buffer containing 1 ml of 8 SSC, 1 ml of
deionized formamide, 100 l of Sarkosyl (2.3 mg/ml), 200 l of 1.2
M phosphate, and either 3H-labeled AKAP4 antisense or sense
probes, 3H-labeled transcript c antisense or sense probes, or 3H-
labeled PGK-2 antisense or sense probes (specific activities ranged
from 1.13 to 1.75  106 cpm/g). After hybridization overnight at
40°C, the sections were rinsed sequentially at the same tempera-
ture in 4 SSC and 0.1 SSC for 1.5 h. Following the washes, the
sections were dehydrated in 50, 70, 90, and 100% ethanol and
embedded in Lowicryl (Igdoura et al., 1996).
Radioautography of Testicular Sections
Semithin sections (1 m thick) were cut, stained with iron–
hematoxylin, coated with NTB2 emulsion, exposed for 14 days, and
then developed in Kodak D-170. These radioautographs were used
to identify labeled spermatids in the 14 stages of the cycle of the
seminiferous epithelium (Leblond and Clermont, 1952). Thin sec-
tions were cut from selected areas of these blocks for elec-
tron microscope radioautography. The sections were placed on
celloidin-coated glass slides, coated, and dipped in Ilford L4 emul-
sion (Kopriwa, 1973). After 3 months of exposure, the slides were
developed by the solution physical development process (Kopriwa,
1975). The sections were then transferred to electron microscopy
nickel grids and immersed for 45 s in glacial acetic acid to remove
the celloidin and carbon films.
Colocalization of TB-RBP and the Ter ATPase
by EM Immunocytochemistry
Grids were first blocked with 10% normal goat serum in
Tris-buffered saline (TBS) for 15 min. The grids were incubated
with an antibody against the Ter ATPase [kindly provided by L.
Samuelson (NIH)] diluted 1:50 with TBS for 1 h. The sections were
subsequently washed four times with 0.05% Tween 20 (TWBS) for
5 min each, and incubated with colloidal gold (15 nm) conjugated to
protein A (1:50) diluted in TBS for 1 h. The sections were then
incubated with an affinity-purified polyclonal rabbit antibody
prepared against recombinant TB-RBP (Wu et al., 1999) diluted to
1:50 with TBS for 1 h and extensively washed four times with
0.05% Tween 20 (TWBS) for 5 min each. The sections were then
blocked with 10% normal goat serum, followed by an incubation
with colloidal gold (10 nm) conjugated to goat anti-rabbit antibody
(1:50) diluted in TBS for 1 h, and washed four times with TWBS (5
min each). The grids were finally washed four times with TWBS (5
min each), three times in distilled water and counterstained with
uranyl acetate for 2 min, followed by treatment with lead citrate for
30 s. Normal rabbit serum (1:20) was used as negative control.
Quantitative Analyses of Testicular Sections
For each step of spermiogenesis, 10 micrographs, corresponding
to 10 different cells per testis per animal, were selected for analysis
according to the method of Nadler (1971). Between 50 and 100
silver grains were scored over each spermatid. A circle with a radius
of 14 mm (equivalent to 0.23 m resolution at 60,000) was
centered over each individual grain, which, according to Haddad et
al. (1971) and Nadler (1971), should, if associated with mRNA, have
a 95% probability to contain radioactivity. Gold particles and silver
grains within the circle are considered an RNA–protein complex. If
the gold particles are within two or more circles of adjacent silver
grains, they are considered nearby. Silver grains within circles that
did not include gold particles were considered nonassociated. The
haploid spermatids were grouped as follows: steps 1–7 (round
spermatids), steps 8–13 (early elongated spermatids), and steps
14–16 (late elongated spermatids).
RESULTS
TB-RBP Binds to the Y and H Elements
in AKAP4 mRNA
TB-RBP binds specifically to a range of RNA sequences (Y
and H elements) present in many testis and brain mRNAs
(Han et al., 1995b). The 3 UTRs of mRNAs encoding the
protamines, myelin basic protein, and  calmodulin kinase
II contain Y and H sequence elements that bind TB-RBP,
while putative Y and/or H elements have been found in the
open reading frames of other mRNAs (Han et al., 1995b; Wu
and Hecht, 2000). The mouse AKAP4 mRNA (Accession
No. NM 009651) contains such putative TB-RBP binding
sites at nucleotides 1477–1486 (Y element) and nucleotides
2097–2116 (H element).
To determine whether TB-RBP could specifically bind to
the Y or H sequences in AKAP4 mRNA, subclones of 76 and
81 nucleotides containing the Y and H elements, respec-
tively, were prepared and transcribed (see Materials and
Methods). Gel mobility shift assays were performed by
using 32P-labeled RNA probes containing the putative Y or
H elements of the AKAP4 mRNA or transcript c, a subclone
containing the Y and H elements of mouse protamine 2, as
a control (Fig. 1). RNA probes containing either the Y or
H elements from the AKAP4 mRNA form protein com-
plexes with testicular extracts (arrowhead) (Figs. 1B and 1C,
lane 1) that had similar electrophoretic mobilities to those
seen with transcript c (arrowhead; Fig. 1A, lane 1) (Chen-
nathukuzhi et al., 2001b).
To confirm that TB-RBP is bound to the AKAP4 tran-
scripts, immunodepletion and supershift assays with two
affinity-purified TB-RBP antibodies were performed with
the AKAP4 Y and H sequence elements and the protamine
2 transcript c control. One rabbit polyclonal antibody,
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KNDS, was prepared to a peptide of TB-RBP and does not
immunoprecipitate or supershift TB-RBP–RNA complexes,
although it detects TB-RBP in Western blots (Wu et al.,
1997). The second rabbit polyclonal antibody, -TB-RBP,
was prepared against full-length recombinant mouse TB-
RBP and can immunoprecipitate or supershift RNA com-
plexes containing TB-RBP (Wu et al., 1997). When RNA gel
shifts were performed with the supernatant from a control
immunoprecipitation in which KNDS was used, no reduc-
tion was seen in the amount of the expected RNA–protein
complexes for transcript c (Fig. 1A, compare lanes 1 and 2),
the Y element from AKAP4 (Fig. 1B, compare lanes 1 and 2),
or the H element from AKAP4 (Fig. 1C, compare lanes 1 and
2). In contrast, following incubation with -TBTB-RBP, no
TB-RBP–RNA complex was immunoprecipitated with tran-
script c (Fig. 1A, lane 3) or with either of the AKAP4 probes
(Figs. 1B and 1C, lane 3). We routinely found that the Y
element from AKAP4 gave a stronger complex with TB-RBP
than the H element. The slower migrating complexes in the
gels were not seen with every extract and likely reflect the
multimerization of TB-RBP (see below).
To further establish that TB-RBP binds and forms a
RNA–protein complex with the Y and H elements of the
AKAP4 mRNA, supershift RNA gel shifts were performed
with KNDS, -TB-RBP, and testicular extracts. Identical
TB-RBP–RNA complexes (indicated by an arrowhead) were
detected with transcript c (Fig. 1D, lane 1) and with the
AKAP4 Y element (Fig. 1D, lane 4) following addition of
KNDS (Fig. 1D, lanes 2 and 5). In contrast, following
addition of -TB-RBP to extracts incubated with transcript
c or the Y element of AKAP4, the TB-RBP–RNA complex
(arrowhead) was no longer seen, but a supershifted large
complex that does not enter the gel was detected (Fig. 1D,
see arrow in lanes 3 and 6). A similar supershift was seen
with the RNA probe containing the H element of AKAP4
(data not shown). These gel shift experiments indicate that
TB-RBP binds to the AKAP4 mRNA in vitro.
AKAP4 mRNA Is Selectively Immunoprecipitated
by TB-RBP Antibody
We have previously demonstrated that we can isolate and
identify specific mRNAs that bind to TB-RBP in brain and
testis extracts following the immunoprecipitation of TB-
RBP–mRNA complexes (Wu et al., 2000). Demonstrating
that endogenous TB-RBP is bound to AKAP4 mRNA in
testicular extracts would provide a second criterion to
establish cellular interactions between these molecules.
Nuclear and cytoplasmic testicular extracts were immuno-
precipitated with -TB-RBP, and RNAs were purified from
the pellets. Three mRNAs that contain TB-RBP-binding
sequences and bind TB-RBP [protamine 2 (Fig. 2A, lanes
FIG. 1. Immunodepletion and gel mobility shift assay of RNA–protein complexes formed with testicular cytoplasmic extracts and
protamine 2 and AKA4 RNA probes. (A) 32P-labeled transcript c. (B) 32P-labeled Y element transcript of AKAP4. (C) 32P-labeled H element
transcript of AKAP4. RNA gel shifts and immunodepletions were performed by using 30 g of testis extract (Wu and Hecht, 2000).
RNA–protein complexes were resolved on a 4% native polyacrylamide gel and are indicated with arrowheads. The slower migrating
complexes were nonspecific. Lane 1, no antibody; lane 2,  KNDS added; lane 3, -RBP added. (D) Supershift analysis of TB-RBP–RNA
complexes for transcript c and the AKAP4 Y element. Cytosolic extracts were incubated with 32P-labeled transcript c (lanes 1–3) or a
32P-labeled AKAP4 Y element (lanes 4–6) for 10 min. Lanes 1 and 4, no antibody; lanes 2 and 5, nonprecipitating KNDS was added; lanes
3 and 6, precipitating -TB-RBP was added. The arrow indicates a supershifted RNA–protein complex.
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1–8), protamine 1 (Fig. 2B, lanes 1–8), and AKAP4 (Fig. 2C,
lanes 1–8] and three mRNAs that do not contain TB-RBP-
binding sites and do not bind TB-RBP [TB-RBP (Fig. 2A,
lanes 9–16), clusterin (Fig. 2B, lanes 9–16), and PGK-2 (Fig.
2C, lanes 9–16)] were analyzed by RT-PCR. RNA was
detected in the supernatants of the immunoprecipitations
for all six mRNAs, establishing that the primers were
successfully detecting each of the mRNAs (Fig. 2, lanes 1
and 9). The antibody -TB-RBP precipitated protamine 2
mRNA (Fig. 2A, lanes 4 and 8), protamine 1 mRNA (2B,
lanes 4 and 8), and AKAP4 mRNA (Fig. 2C, lanes 4 and 8)
from both the cytosol and nuclear fractions, respectively.
No immunoprecipitation of TB-RBP, clusterin, or PGK-2
mRNAs was detected from either the cytosol (Figs. 2A–2C,
lanes 12) or the nuclear fractions (Figs. 2A–2C, lanes 16). A
number of controls were included to demonstrate specific-
FIG. 2. RT-PCR analysis of mRNAs isolated from immunoprecipitates of testicular nuclear and cytoplasmic extracts. mRNAs encoding
protamine 2 (A, lanes 1–8), protamine 1, (B, lanes 1–8), AKAP4 (C, lanes 1–8), TB-RBP (A, lanes 9–16), clusterin (B, lanes 9–16), and PGK-2
(C, lanes 9–16) were assayed from nuclear and cytoplasmic extracts. Highly purified nuclei were prepared from the testes of 65 CD-1 mice
(Hecht, 1975), and nuclear and cytosol S-100 extracts were prepared with RNasin (100 U/ml) (Wu and Hecht, 2000). Immunoprecipitated
RNA was purified and aliquots were assayed by PCR. Lanes 1 and 9, cytoplasmic supernatant; lanes 2 and 10, control pellet from preclearing
of cytoplasmic extract with protein A beads; lanes 3 and 11, control pellet from preclearing of cytoplasmic extract plus 250 M GTPS;
lanes 4 and 12, pellet from cytosol immunoprecipitated with -TB-RBP; lanes 5 and 13, pellet from immunoprecipitate with -TB-RBP plus
250 M GTPS; lanes 6 and 14, nuclear supernatant following immunoprecipitation; lanes 7 and 15, control pellet from preclearing of
nuclear extract with protein A beads; lanes 8 and 16, pellet of nuclear immunoprecipitate with -TB-RBP. Lane M, sizing markers.
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ity of the mRNA precipitations, including the addition of
GTPS to aliquots of extracts. TB-RBP contains a GTP-
binding site essential for RNA binding, and blocking this
site with GTP or a poorly hydrolyzed form of GTP, GTPS,
suppresses TB-RBP binding to specific mRNAs (Chen-
nathukuzhi et al., 2001b). When GTPS was added to the
extracts before immunoprecipitation, marked reductions
were seen in the amount of the protamines 1 and 2 and
AKAP4 mRNAs precipitated with -TB-RBP (Figs. 2A–2C,
compare lanes 4 and 5). It should be noted that, although no
PGK-2 was detected in precipitates from either the cytosol
or nuclear fractions (Fig. 2, lanes 4 and 8), PGK-2 mRNA
was detected in the supernatants (Fig. 2, lanes 9 and 14).
The coimmunoprecipitation of TB-RBP and protamines 1
and 2 and AKAP4 mRNAs is specific to -TB-RBP because
none of the six mRNAs was precipitated with the control
nonprecipitating KNDS (data not shown) or in pellets of
precleared extracts (Fig. 2, lanes 2, 7, 10, and 15). Although
we cannot totally exclude the possibility that the precipi-
tated nuclear mRNAs contain contaminating complexes
from the cytoplasm, these data, when combined with the
data of Fig. 5 (see below), suggest that TB-RBP associates
with specific mRNAs in both the nuclei and cytoplasm of
male germ cells. The selective precipitation of protamines 1
and 2 and AKAP4 mRNAs, but not the clusterin, TB-RBP,
or PGK-2 mRNAs indicates that TB-RBP is bound to a
subset of germ cell mRNAs in testicular extracts.
TB-RBP, the Ter ATPase and AKAP4 mRNA
Complexes Are Seen in the Cytoplasm
of Early-Stage Round Spermatids
Having demonstrated interactions between TB-RBP and
AKAP4 mRNA by gel shift and immunoprecipitation assays,
we next sought to colocalize these molecules in testicular
cells by an entirely different methodology, a combination of
radioautography and immunocytochemistry. To do this, we
performed in situ hybridization using thin sections of testes.
After a long exposure (3 months), the emulsion was devel-
oped and the sections were mounted upside-down on a nickel
grid and immunolabeled with antibodies.
The transitional endoplasmic reticulum ATPase (Ter
ATPase) functions as a vesicle fusion protein in the ER of
cells (Peters et al., 1990; Zhang et al., 1994; Egerton and
Samelson, 1994). In the testis, it complexes with TB-RBP
and moves from the nuclei to the cytoplasm of haploid
germ cells and into intercellular bridges. To determine
whether this protein complex contains AKAP4 mRNA,
testicular tissues were hybridized with a 3H-labeled AKAP4
antisense RNA probe followed by double immunogold
labeling with antibodies to TB-RBP (-TB-RBP) and to the
Ter ATPase (Fig. 3). To identify TB-RBP and the Ter
ATPase, the mouse testicular sections were immunore-
acted first with the Ter ATPase antibody followed by
incubation with protein A conjugated to 15-nm gold par-
ticles and then with -TB-RBP followed by incubation with
a secondary antibody conjugated to 10-nm gold particles.
Examination at the EM level focused on spermatids, the cell
type where AKAP4 is exclusively expressed and the stage
where we have identified TB-RBP and Ter ATPase complexes.
(Carrera et al., 1994; Morales et al., 1998; El-Alfy et al., 1999).
Radioautography of seminiferous tubules after in situ
hybridization with the AKAP4 antisense RNA probe fol-
lowed by double immunogold labeling with the TB-RBP and
the TER ATPase antibodies revealed a close association
among AKAP4 mRNA (the silver grains), and TB-RBP and
the Ter ATPase (the colloidal gold particles) in the cyto-
plasm of round spermatids (Fig. 3a). Radioautography of
seminiferous tubules followed by immunogold labeling
using normal rabbit serum as a negative control detected
silver grains, but not immunogold labeling in the cytoplasm
of round spermatids (Fig. 3d). We conclude that, as seen by
gel shift (Fig. 1) and immunoprecipitation assays (Fig. 2),
TB-RBP is associated with AKAP4 mRNA. In these early
haploid spermatids, AKAP4 protein is not yet synthesized.
To determine which other germ cell mRNAs do or do not
form complexes with TB-RBP and Ter ATPase, a similar
methodology was used to examine the association of these
complexes with mRNAs encoding protamine 2 and phos-
phoglycerate kinase (PGK-2). Protamine 2 is an abundant
postmeiotically expressed mRNA which is stored in the
cytoplasm about 7 days before it is translated in elongating
spermatids (Kleene et al., 1984). The PGK-2 mRNA is
expressed at low levels in meiotic cells and at high levels in
round spermatids (McCarrey et al., 1992, 1996). The PGK-2
mRNA does not contain binding sites for TB-RBP or bind
TB-RBP (Fig. 2). Identical clusters of TB-RBP and the Ter
ATPase in close association with the protamine 2 mRNA
were detected in early-stage spermatids (Fig. 3b). In contrast
to the AKAP4 and protamine 2 mRNAs, no association was
seen between the PGK-2 mRNA and TB-RBP and the Ter
ATPase (Fig. 3c). No mRNA–protein complexes were seen
with sense protamine 2 transcripts (Fig. 3e) or with sense
AKAP4 mRNAs (data not shown). We propose that the
TB-RBP Ter ATPase complex recognizes specific mRNAs
requiring translational delay, stability maintenance, or
transport in round spermatids, but not mRNAs such as
PGK-2 that lack TB-RBP-binding sites.
TB-RBP Is Bound to Nonpolysomal mRNAs
The association between TB-RBP and the AKAP4 and
protamine 2 mRNAs, two mRNAs that are stored as ribo-
nucleoproteins before translation, suggests that TB-RBP
should be associated with nonpolysomal mRNAs but not
with polysomal mRNAs. To test this, a testicular extract
was centrifuged through a sucrose gradient and aliquots
were prepared from fractions for Northern and Western
blotting. Using a protamine 2 cDNA to calibrate the gradi-
ent, we detected the characteristic distribution of 80–90%
protamine 2 mRNA in the nonpolysomal fractions (tubes
2–5) with the remainder in polysomes (Fig. 4A) (Kleene et
al., 1984). Western blotting of protein extracts taken from
the same tubes that were assayed for RNA revealed TB-RBP
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to be in fractions 1–5, indicating that TB-RBP either is
present as free protein (tubes 1 and 2) or is associated with
the nonpolysomal mRNAs (tubes 2–5). These data indicate
that, in mouse testis, TB-RBP sediments with nontrans-
lated mRNAs and not with polysomes, providing a second
independent criterion suggesting a role for TB-RBP in the
storage and/or transport of mRNAs.
AKAP4 and Protamine 2 mRNAs, but Not PGK-2
mRNA, Are Associated with a TB-RBP and Ter
ATPase Complex in Nuclei and Transit
into the Cytoplasm Together
TB-RBP is present in both nuclei and cytoplasm of cells
(Morales et al., 1998). To provide an independent confirma-
tion of the TB-RBP nuclear association with specific
mRNAs that we detect by immunoprecipitation (Fig. 2), a
morphological analysis was undertaken. Complexes of TB-
RBP-Ter ATPase and mRNAs encoding AKAP4 or prota-
mine 2 were detected in nuclei and near nuclear pores (Figs.
5b and 5c). AKAP4 mRNA and the protamine 2 mRNAs
appeared to traverse the nuclear membrane in close asso-
ciation with TB-RBP and the Ter ATPase (Figs. 5b and 5c).
In contrast, no TB-RBP nor Ter ATPase was seen associated
with the PGK-2 mRNAs in nuclei or as they exited nuclei
(Fig. 5d). We conclude that the association of the TB-RBP
and the Ter ATPase complex with specific mRNAs, such as
AKAP4 and protamine 2 mRNAs, is initiated before the
mRNAs enter the cytoplasm.
FIG. 3. Immunoradioautography of round spermatids (steps 1–3) after in situ hybridization with AKAP4 (a), protamine 2 (b), and PGK-2
(c) antisense RNA probes followed by double immunogold labeling with -TB-RBP (10-nm colloidal gold particles) and with -Ter ATPase
(15-nm colloidal gold particles). Radioautographic silver grains are indicated by arrows, and colloidal gold particles are indicated by
arrowheads. Note that silver grains are in close association with clusters of TB-RBP and the Ter ATPase particles for AKAP4 and protamine
2 mRNAs, but not with the PGK-2 mRNA (d). Negative immunogold labeling control of an antisense AKAP4 radioautograph reacted with
normal rabbit serum; note the absence of gold particles in the cytoplasm of round spermatids. (e) Negative control of a sense protamine 2
radioautograph followed by immunostaining with the -TB-RBP and -TER ATPase antibodies. Magnification: 55,000.
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TB-RBP, the Ter ATPase, and AKAP4 mRNA
Remain Associated in Intercellular Bridges
Consistent with their close association in the nuclei and
cytoplasm of early-stage spermatids, AKAP4 mRNA and
TB-RBP and the Ter ATPase were found in close association
in intercellular bridges (Figs. 6a and 6b). Similar protein–
mRNA complexes were seen in intercellular bridges be-
tween these two proteins and protamine 2 mRNA (Figs. 6c
and 6d). In contrast, consistent with its lack of TB-RBP
binding, no association was detected between TB-RBP and
the Ter ATPase complex and PGK-2 mRNA in intercellular
bridges (Fig. 6e). We conclude that the protein complexes
bind to specific mRNAs requiring intercellular sharing such
as AKAP4 mRNA as well as to mRNAs that undergo
translational delay such as the protamines. No association
of TB-RBP is seen with PGK-2 mRNA in any subcellular
compartment or stage of male germ cells.
AKAP4 Protein Is Synthesized
in Elongating Spermatids
Expression of the mouse AKAP4 and the rat FS75 mRNAs
is restricted to postmeiotic germ cells (Carrera et al., 1994;
Fulcher et al., 1995; El-Alfy et al., 1999). A low level of
AKAP4 mRNA is present in round spermatids with increas-
ing amounts in condensing and elongated spermatids. In the
rat, maximum levels of the FS75 protein are detected in the
late-stage (steps 14–16) spermatids at a time when FS75
mRNA is rapidly declining. To relate the synthesis time of
AKAP4 protein in mouse spermatids with the AKAP
mRNA-TB-RBP Ter ATPase complex, immunohistochem-
istry was performed with an antibody to AKAP4 by using
mouse testis sections (Fig. 7). No AKAP4 protein is detected
in round spermatids. AKAP4 protein is detected in the
cytoplasm of elongating spermatids from step 12 (stage XII)
to step 15 (stage (VI) of mouse spermatogenesis. At step 16
(stages VII–VIII), AKAP4 is restricted to the spermatid tails.
These data demonstrate that AKAP4 protein is synthesized
in late stages of spermatid differentiation when TB-RBP is
not bound to the AKAP4 mRNA (see below).
TB-RBP and the Ter ATPase Are Not Associated
with AKAP4, protamine 2, or PGK-2 mRNAs
in Elongating Spermatids
Using in situ hybridization with AKAP4 antisense RNA
and double immunogold labeling, we found that the major-
ity of AKAP4 mRNAs were no longer associated with the
TB-RBP–Ter ATPase protein complex in the cytoplasm of
elongated spermatids (steps 9–16) (Fig. 8a). Similarly, asso-
ciations were no longer seen with the TB-RBP–Ter ATPase
complex and protamine 2 mRNAs (Fig. 8b). PGK-2 did not
associate with the TB-RBP and Ter ATPase protein complex
in early-stage round spermatids (Fig. 3d) or in late-stage
elongating spermatids (Fig. 8c). Control radioautography of
seminiferous tubules with normal rabbit serum detected
only silver grains, but no immunogold labeling as expected
for a negative control (Fig. 8d), and no hybridization was
seen with sense protamine 2 RNA probes in any of the
testicular cells (Fig. 8e) or AKAP4 sense mRNA (data not
shown), indicating that the silver grains generated by the
antisense probe were specific. These data indicate that the
mRNA–TB-RBP complexes are dissociated at the time
AKAP4 protein is synthesized. This is identical to the
protamine protein synthesis seen after dissociation of TB-
RBP from protamine mRNA and is consistent with the
absence of TB-RBP in polysomes of testis extracts (Fig. 4).
The Number of AKAP4 mRNA TB-RBP–Ter ATPase
Complexes Decreases Markedly at the Time
the AKAP4 Protein Is Synthesized
Since electron microscopy can be a statistically selective
technique, we quantitated the relationships between
AKAP4 mRNA and the TB-RBP–Ter ATPase complexes by
counting about 100 mRNA–protein complexes as the hap-
loid germ cells differentiate. In early-stage round sperma-
tids (steps 1–7), where AKAP4 mRNA is synthesized but
not yet translated, we found 71  5 closely associated
mRNA–protein complexes, 11  3 nearby mRNA–protein
complexes, that do not meet the stringent requirement of
close association (see Materials and Methods), and 12  3
complexes showing no association. This distribution
changes markedly as the spermatids differentiate and
mRNA translation begins. In later stage (steps 8–13) sper-
matids, a population of cells containing some cells synthe-
sizing AKAP4 protein, we found 20  2 closely associated
mRNA–protein complexes, 4  6 nearby mRNA–protein
FIG. 4. Distribution of TB-RBP between nonpolysomal and poly-
somal mRNAs. Following centrifugation, the gradient was divided
into 11 fractions for RNA and protein analyses. (A) Northern blot
probed with protamine 2 cDNA. (B) Western blot of protein
electrophoresed through a 10% SDS polyacrylamide gel and de-
tected with -TB-RBP antibody. To maximize resolution between
nonpolysomal and polysomal mRNAs, the polysomal fraction was
sedimented to the bottom half of the gradient.
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complexes, and 76  6 nonassociated complexes. In steps
14–16, spermatids where AKAP4 protein is actively synthe-
sized, we found that 98  1 out of 100 TB-RBP and Ter
ATPase protein complexes show no association with
AKAP4 mRNA. These data establish that the TB-RBP, Ter
ATPase, and AKAP4 mRNA complex has dissociated when
AKAP4 mRNA undergoes translation.
DISCUSSION
We have previously reported complexes of TB-RBP and
the Ter ATPase in the nuclei, cytoplasm, and intercellular
bridges of male mouse germ cells (Wu et al., 1999). Here, we
demonstrate that this protein complex is associated with
specific mRNAs in the nuclei and cytoplasm of early-stage
haploid spermatids but not in later stages of spermatid
maturation. Moreover, these protein–mRNA complexes are
present in the intercellular bridges connecting these cells.
RNA–protein complexes moving from nuclei to cyto-
plasm have been visualized for the 75S Chironomus
Balbiani-ring mRNAs (Visa et al., 1996). The detection of
the BR1 and BR2 mRNAs has depended on their large size
and abundance. Here, we have developed a novel technique
combining radioautography and immunocytochemistry to
investigate by a morphological means the relationships
among TB-RBP, the Ter ATPase, and mRNAs. This proce-
dure allows us to examine the distribution of any mRNA by
in situ hybridization with a radioactive probe and compare
its relative location to specific interacting proteins by
immunogold labeling. In this study, we find that a complex
of TB-RBP and the Ter ATPase selectively associates with
AKAP4 and protamine 2 mRNAs in nuclei, cytoplasm, and
intercellular bridges of early postmeiotic-stage cells, but
not with PGK-2 mRNAs. In the later stage elongating
spermatids, the proteins are not associated with any of the
three mRNAs. The interactions of TB-RBP, the Ter ATPase,
and specific mRNAs seen by this approach are biochemi-
cally confirmed by RNA gel shift assays (Fig. 1), by immu-
noprecipitation of specific mRNAs with TB-RBP (Fig. 2),
and by cross-linking of TB-RBP to AKAP4 mRNA (data
not shown). Moreover, quantitating association between
FIG. 5. TB-RBP and the Ter ATPase exit nuclei in association with AKAP4 mRNA. (Upper panels) Immunoradioautography of
seminiferous tubules after in situ hybridization with AKAP4 (a and b), protamine (c), and PGK-2 (d) antisense RNA probes (filamentous
silver grains indicated by arrows) followed by double immunogold labeling with -TB-RBP (10-nm colloidal gold particles) or with -TER
ATPase antibodies (15-nm colloidal gold particles). (a) Control section hybridized in situ with AKAP4 antisense probe and reacted with
preimmune serum. (b) Testicular section hybridized in situ with AKAP4 antisense probe and reacted with -TB-RBP and -TER ATPase
antibodies. (c) Testicular section hybridized in situ with protamine 2 antisense probe and reacted with the TB-RBP and -TER ATPase
antibodies. (d) Testicular section hybridized in situ with PGK-2 antisense probe and reacted with TB-RBP and TER ATPase antibodies.
(Lower panels) Schematic representation of RNA and protein complexes seen in upper panel: 52,000.
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mRNAs and the TB-RBP–Ter ATPase complex as round
spermatids differentiate, we find that over 80% of AKAP4
and protamine 2 mRNAs in the cytoplasm of the round
spermatids are associated with TB-RBP and the Ter ATPase.
However, no RNA–protein association is seen in the cyto-
plasm of elongated spermatids where AKAP4 and prota-
mine proteins are synthesized. These findings suggest an
involvement for TB-RBP in the transport, stabilization,
and/or translational suppression of specific germ cell mRNAs.
To gain insight into the functions of TB-RBP as a member
of this mRNA–protein complex, three markedly different
mRNAs have been analyzed. AKAP4, protamine 2, and
PGK-2 represent three male germ cell-specific proteins
expressed during spermiogenesis, the phase of spermatogen-
esis when the haploid male gamete differentiates into the
spermatozoon. AKAP4 is a component of the fibrous
sheath, a cytoskeletal structure that encases the axoneme
in the principal piece of the spermatozoan tail. It is first
expressed in postmeiotic haploid cells with high levels of
mRNA in round and condensing spermatids (Carrera et al.,
1994; Fulcher et al., 1995). In the rat, the orthologous
protein, FS75, shows maximal levels of mRNA in midstage
spermatids although the peak amounts of protein are syn-
thesized days later in late-stage spermatids (El-Alfy et al.,
1999). The synthesis of the rat FS75 and the mouse AKAP4
proteins occurs (Fig. 8) long after the cessation of transcrip-
tion necessitates translational regulation of this essential
fibrous sheath protein (Hecht, 1998). We have demonstrated
that TB-RBP binds to two sites in the AKAP4 mRNA (Fig. 1)
and affinity purified antibody to TB-RBP immunoprecipi-
tates AKAP4 mRNA from testis extracts (Fig. 2). The single
copy mouse AKAP4 gene has been mapped to the proximal
end of the X chromosome, making male mice hemizygous
for this germ cell protein gene (Moss et al., 1997). Since
AKAP4 is a required protein for all spermatozoa, but it is
only transcribed in haploid male germ cells, either AKAP4
protein or mRNA must be shared among adjacent sperma-
tids. Male germ cell differentiation is characterized by
incomplete cytokinesis providing cellular attachments (in-
tercellular bridges) through which molecules such as prota-
mine mRNA flow (see below).
The second mRNA examined in this study encodes
protamine 2. Mammalian sperm nuclei contain two pre-
dominant proteins, protamines 1 and 2, arginine-rich basic
proteins that in mouse and human are encoded by single
copy genes on chromosome 16 (reviewed in Hecht, 1989).
The protamine genes are first transcribed in early-stage
haploid male germ cells and their functionally mature
mRNAs are stored in the cytoplasm before their translation
(Kleene et al., 1984). TB-RBP binds to conserved Y and H
element sequences in their 3 UTRs (Kwon and Hecht,
1991). Protamine 2 transcripts and/or protein have been
shown to move through the intercellular bridges (Braun et
al., 1989; Caldwell and Handel, 1991). Analysis of a post-
meiotically expressed transgene has demonstrated that ge-
netically distinct haploid spermatids are phenotypically
equivalent because of sharing of molecules among sperma-
tids (Braun et al., 1989). Examining protamine mRNA and
protein in mice carrying a Robertsonian translocation of
chromosome 16, protamine mRNA in all spermatids has
been elegantly demonstrated, establishing that protamine
mRNA moves between spermatids (Caldwell and Handel,
1991). This is supported by protamine gene-targeting stud-
FIG. 6. Immunoradioautography of intercellular bridges after in
situ hybridization with AKAP4 (a and b), protamine 2 (c and d), and
PGK-2 (e) antisense RNA probes (filamentous silver grains indi-
cated by arrows) followed by double immunogold labeling with
-TB-RBP (10-nm colloidal gold particles) and with -TER ATPase
antibody (15-nm colloidal gold particles). (a and b) Low (20,000)
and high (52,000) power images of an intercellular bridge (arrow-
heads) showing AKAP4 mRNA associated with large and small
colloidal gold particles. (c and d) Low (20,000) and high (52,000)
magnifications of an intercellular bridge (arrowhead) showing pro-
tamine 2 mRNA associated with a cluster of large and small
colloidal gold particles. (e) High power image (52,000) of an
intercellular bridge (arrowhead) showing PGK-2 mRNA is not
associated with a cluster of large and small colloidal gold particles
(arrow).
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ies (Cho et al., 2001). When the genes for either protamine
1 or 2 are deleted in mice, a deficiency of either protamine
leads to complete male infertility and extensive DNA
degradation in the sperm of the chimeras, due to the
haploinsufficiency caused by the sharing and reduced
amount of the protamine transcripts among spermatids
(Cho et al., 2001).
Phosphoglycerate kinase 2 (PGK-2) is a testis-specific
variant of an enzyme that functions in the Embden–
Meyerhof pathway. It is encoded on an autosome and is first
expressed at low levels at the beginning of meiosis, with
high levels of mRNA and protein detectable in early stages
of haploid spermatid development (McCarrey et al., 1992,
1996). The absence of detectable PGK-2 protein in meiotic
cells suggests a translational delay. Although a germ cell-
specific protein, PGK-2 differs from AKAP4 and protamine
by its initial expression during meiosis and the absence of
TB-RBP-binding sites in the PGK-2 mRNA.
In testis (Morales et al., 1998) and brain (Wu et al., 1999b)
and in transfected cells (Chennathukuzhi et al., 2001a),
FIG. 7. Localization of AKAP4 protein in mouse testis sections. Immunoperoxidase reaction of AKAP4 antibody on sections of mouse
seminiferous tubules. Each micrograph is a representative sample of cross sections of tubules. (A) Intense immunoreaction in seminiferous
tubules in elongated spermatids of stage VI (open arrow) of the seminiferous cycle. Note tubule that is unlabeled at stage VIII (Lu). Only
tails of the spermatozoa are stained (B) Higher magnification of the same tubule as in (A), showing the intense apical nature of the staining
pattern in the seminiferous epithelium in the elongated spermatids. Closed arrow, residual bodies; star, tails of spermatozoa.
490 Morales et al.
© 2002 Elsevier Science (USA). All rights reserved.
TB-RBP is distributed in both the nucleus and cytoplasm.
Sequence analysis and mutagenesis have identified several
TB-RBP domains, including a leucine zipper needed for
homodimerization (Wu et al., 1998), a GTP-binding site
essential for RNA binding (Chennathukuzhi et al., 2001b),
two basic domains essential for nucleic acid binding, and a
nuclear export signal (Chennathukuzhi et al., 2001a).
Changing one amino acid in the nuclear export signal
produces a TB-RBP protein which localizes solely to the
nucleus, indicating that TB-RBP contains the functional
domain needed to move the Ter ATPase and specific
mRNAs from the nucleus to the cytoplasm (Fig. 5) (Chen-
nathukuzhi et al., 2001a). The movement of this RNA–
protein complex may involve cytoskeletal components. In
addition to forming multimeric aggregates that have an
octameric crystal structure (Kasai et al., 1997; Pascal et al.,
2001), TB-RBP interacts with a number of proteins, includ-
ing the Ter ATPase and cytoskeletal  actin (Wu et al.,
1999a). Although nothing is known about the mechanism
of intercellular mRNA movement in male germ cells,
microfilaments have been found adjacent to and leading to
intercellular bridges, suggesting that TB-RBP and actin
interactions may represent functional cellular interactions
(Russell et al., 1987; Weber and Russell, 1987). TB-RBP also
links specific mRNAs to reconstituted microtubules from
brain and testis (Han et al., 1995b; Wu and Hecht, 2000).
Recently, we have identified a postmeiotically expressed
kinesin isoform that interacts with TB-RBP, suggesting it
may be a motor protein needed for the transport of TB-RBP-
linked mRNAs (data not shown). The interactions of TB-
RBP with an actin and with microtubules are consistent
with a cytoskeletal involvement for movement and local-
FIG. 8. Immunoradioautography of elongating spermatids (steps 9–11) after in situ hybridization with AKAP4 (a), protamine 2 (b), and
PGK-2 (c) antisense RNA probes followed by double immunogold labeling with -TB-RBP (10-nm colloidal gold particles) and with -TER
ATPase antibody (15-nm colloidal gold particles). Radioautographic silver grains are indicated by arrows and colloidal gold particles are
indicated by arrowheads. Note that silver grains are dissociated from clusters of 10-nm and 15-nm colloidal gold particles. (d) Negative
immunogold labeling control of an AKAP4 radioautograph reacted with normal rabbit serum; note the absence of gold particles. (e) Negative
control of a sense protamine 2 radioautograph followed by immunostaining with the -TB-RBP and -TER ATPase antibodies; note the
absence of silver grains in the spermatid cytoplasm. Magnification: 55,000.
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ization of specific male germ cell mRNAs as has been found
for proteins such as VG1 during oogenesis (Havin et al.,
1998).
Functional Consequences of the Association
of TB-RBP and Specific mRNAs
Our ability to relate protein and mRNA associations in
the testis allows us to propose the following model: TB-RBP
associates with specific mRNAs encoding proteins such as
AKAP4 and protamine in nuclei of expressing spermatids
and travels in a large protein complex containing the Ter
ATPase and additional proteins through nuclear pores into
the cytoplasm (Fig. 5). This association appears specific to
mRNAs that contain TB-RBP-binding sites, such as AKAP4
and the protamine, since mRNAs encoding proteins such as
PGK-2, clusterin, or TB-RBP do not associate with TB-RBP
in either nuclei or cytoplasm (Figs. 2, 3, and 5). The
association of TB-RBP with specific mRNAs in nuclei, as
they exit nuclei and in the cytoplasm, suggests more than a
shuttling role for TB-RBP in male germ cells. In nuclei, we
find TB-RBP associated with spliced mRNAs since our
RT-PCR assays of the protamine mRNAs do not detect the
longer intron containing mRNA that would be detected by
our protamine 1 and 2 primers. The existence of a func-
tional nuclear export signal in TB-RBP indicates that cer-
tain germ cell mRNAs may utilize a nuclear transport
system different from the hnRNPA1 complex of somatic
cells. The TB-RBP–Ter ATPase complex remains associated
with the AKAP4 and protamine 2 mRNAs in the round
spermatid cytoplasm and in intercellular bridges. In the
brain, there is growing evidence suggesting that mRNAs in
transport are not translated until they reach their destina-
tion (Carson et al., 2001) and a similar mechanism may
exist in the testis. It is noteworthy that protamine 2
mRNA, which is transcribed from an autosomally encoded
gene, is also found associated with TB-RBP and the Ter
ATPase in intercellular bridges, suggesting that this inter-
cellular movement may be a means to maintain an equilib-
rium of equal numbers of mRNAs among spermatids or
TB-RBP is functioning to maintain the inactivation or
stability of protamine 2 mRNA. The stability of TB-RBP
bound mRNAs may be enhanced by TB-RBP association
since both the AKAP4 and protamine mRNAs must be
maintained intact and inactive in the cytoplasm for many
days following their transcription. The presence of PGK-2
mRNA in intercellular bridges, albeit not in association
with TB-RBP or the Ter ATPase, suggests that movement of
other mRNAs can occur among spermatids. At a later stage
of spermatid development coincident with the time of
protein synthesis for AKAP4 and protamine 2, TB-RBP and
the Ter ATPase are no longer associated with the trans-
ported mRNAs. We propose that TB-RBP, in association
with additional proteins, modulates the inactivation and
activation of translation for specific mRNAs. A number of
RNA-binding proteins that recognize specific sites in the 3
UTR of the protamine mRNAs and activate or inactivate
their translation have been reported (reviewed in Braun,
2000a and b). We also cannot exclude the possibility that
TB-RBP functions primarily as a linking protein for mRNA
transport and is released in elongating spermatids along
with the Ter ATPase. The latter protein is widely expressed
and generally functions as a vesicle fusion protein. Al-
though we do not know the precise functions of the Ter
ATPase when it is complexed with TB-RBP, the mamma-
lian Ter ATPase is the orthologue of the Drosophila protein
Ter 94, an AAA ATPase implicated in germ cell develop-
ment in the fusome, an organelle rich in membrane-
associated vesicles (Leon and McKearin, 1999). The fusome
has a branched appearance with arms that extend through
each intercellular bridge in the cyst. A mechanism involv-
ing vesicles similar to those reported for the transport of
mRNA granules encoding proteins such as myelin basic
protein in primary cultures of oligodendrocytes (Carson et
al., 2001) may be operative in male germ cells.
In summary, TB-RBP and the Ter ATPase are members of
a protein complex that binds to specific germ cell mRNAs
as they are transported from nucleus to cytoplasm and
between cells. The protein complex dissociates from the
mRNA at the time the transported mRNAs are translated.
The protein–mRNA complex formation is selective since
no complexes of TB-RBP and the Ter ATPase are detected
with PGK-2 mRNAs, mRNAs showing translational delay
that are initially expressed during meiosis and lack TB-RBP-
binding sites. It is likely that other RNA-binding protein
complexes regulate the expression of mRNAs, such as the
PGK-2 mRNA. We propose that TB-RBP plays a role in the
intracellular and intercellular trafficking of a group of
haploid-specific mRNAs requiring translational delay in
male germ cells. The transport of autosomally encoded
strictly postmeiotically expressed genes may also provide
protection against the immediate effects of deleterious
recessive alleles.
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